the district administration of Tübingen ("Regierungspräsidium Tübingen"). 157
Specifically, the fish were immersed in seawater containing a lethal dose of 500 to 158 1000 mg/l tricaine methanesulfonate (MS-222), adjusted to pH = 8.2 with NaOH, 159
until there was no discernable opercular movement for at least one minute. Cutting the 160 spinal cord with a scalpel ensured euthanasia. We then measured the standard length 161
(SL) of each individual. The eyes were excised from the skull and the horizontal and 162 vertical diameters of the eye and pupil of each fish were measured using digital 163 calipers (to the nearest 0.1 mm). 164 165
Eye mobility 166
T. delaisi's pronounced eye movements have already been mentioned in the most 167
comprehensive study on the species' behavior (Wirtz, 1978) but no study ever 168 quantified that mobility. We extracted this information from video footage from 169 previous, unpublished work. In these videos T. delaisi is seen from above while 170
subjected to an optokinetic reflex experiment, demonstrating its horizontal eye 171 mobility. We scanned the videos of three individuals for the frames with the maximal 172 deflection of the eyes in relation to the midline of the head, exported the frames as 173 still images, and measured the maximal angular change in ImageJ v.1.48t. We are 174 aware that this approach only yields an approximate and incomplete estimate of eye 175 mobility, but these data are nevertheless a meaningful addition to our main results. 176
The implementation of a more exhaustive assessment of eye movements goes beyond 177 our scope to describe this species' retinal anatomy. 178 179
Histological serial sections and magnetic resonance imaging (MRI) 180
The four T. delaisi prepared for paraffin-embedded thick sections and the two 181 individuals used for magnetic resonance imaging (MRI) are the same as in a previous 182 study (Fritsch et al., 2017) , which provides a comprehensive description of the 183 procedures. Briefly, the eyes used for histological sections were immersion fixed with 184 4 % paraformaldehyde in 0.155 M Sorensen's phosphate buffer, and the tissue 185 decalcified, dehydrated and embedded in paraffin blocks. Blocks were sectioned at 186
10 µm thickness and along all three anatomical planes across the four prepared 187 specimens. The sections were collected on standard microscope slides, stained with 188 phosphotungstic acid haematoxylin (Mallory, 1900) , and then mounted with 189
Entellan ® . Sections from the region of interest were digitized and measurements were 190 acquired in ImageJ 1.48t (Fiji distribution package).
192
For the MRI scans performed on two specimens, the fish were euthanized as above, 193
and immersion fixed in 4 % paraformaldehyde in phosphate buffered saline, which 194 also contained 0.25 % of a 1 M contrasting agent (Gadovist ® ). Scans were run on a 195
16.4 T Ultrashield TM Plus 700 WB Avance nuclear magnetic resonance spectrometer 196
with ParaVision® 5.1 software (Bruker BioSpin GmbH, 76287 Rheinstetten, 197 Germany). The digital 3D segmentations of the MRI data were created in ITK-SNAP, 198 version 2.4.0 (Yushkevich et al., 2006) .
200
This procedure ensured the retina was well fixed and adhered to the slide. 251 Subsequently, the retinal wholemount was stained for Nissl substances according to 252 the protocol described in (Coimbra et al., 2006) . Finally, the retinae were mounted in 253
Eukitt® mounting medium and were allowed to dry for at least 24 hours before 254
analysis. This entire process can lead to shrinkage and distortions, especially when the 255 retinal wholemounts (partially) detach from the microscope slide during the staining 256
process. The retinae analyzed in this study did not detach during processing and 257
shrinkage was very limited and corrected for in the following analysis. 258 259
Stereological analysis and data processing 260
The retinal wholemounts were analyzed using a Zeiss AxioPlan II fluorescence 261 microscope with a motorized specimen stage and a stereology system running Stereo 262
Investigator 7 software from MBF bioscience. We used the optical fractionator 263 method (West et al., 1991) We repeated the same procedure for the RGC population within the retinal ganglion 284 cell layer, using bright field illumination. We counted all cells with relatively large, 285
slightly polygonal, positively Nissl-stained somata as RGCs, and only excluded cells 286
with somata that were either distinctly small and round (amacrine cells) or cigar-287 shaped (glia). This approach has been found to provide an accurate representation of 288 the ganglion cell population within the ganglion cell layer. However, despite the fact 289 that in specialized regions, the high densities of neurons makes differentiating 290 amacrine cells and ganglion cells difficult, the proportions of amacrine cells in these 291
regions were found to be low and inclusion of amacrine cells in the counts does not 292 affect the general topographic pattern (Collin and Pettigrew, 1988a) .
294
The Stereo Investigator software automatically produces a summary of the collected 295 counting data, including area sampling fraction, total population estimates, and 296 coefficients of error (CE). We chose Scheaffer's CE to assess the accuracy of the 297 obtained estimates, as it most closely approximates the true CE in a stereological 298 sampling context (Glaser and Wilson, 1998 Calculating spatial resolving power 323
We based our estimate of T. delaisi's anatomical spatial resolving power (SRP), Due to the lateral displacement of RGCs in foveae (Wassle et al., 1990) , we assumed 331 the photoreceptor cell density to be the most reliable estimator for the anatomical 332 spatial resolving power. Our reasoning will be explained in more detail in the results 333 section. To reflect the potential of this species, we used the highest individual density 334 value. A previous study on paired cones suggested that each cone member could 335
produce an individual signal in the context of color vision (Pignatelli et al., 2010) . If 336 this is confirmed, individual signals might also be used for greater resolution. We 337 therefore calculated both a conservative estimate for the anatomical SRP, assuming 338 each twin cone to signal as a unit, and a maximal estimate, assuming each twin cone 339 member signals individually, to show the highest possible SRP for this species. The 340 linear density is based on a hexagonal cell arrangement in the fovea, which accounts 341
for the 2/√3 factor in equation 1. 342 343 344
Results: 345 346
General eye features 347
T. delaisi possesses relatively large and conspicuous eyes for its small body size (Fig.  348 1A). While standard length averaged 42.7 ± 2.8 mm (mean ± SD, N = 10), the eyes 349 had diameters of 3.48 ± 0.15 mm antero-posteriorly and 3.00 ± 0.15 mm dorso-350
ventrally, corresponding to 8.2 ± 0.5 % and 7.0 ± 0.4 % of the standard length.
351
Eyecup and retina are therefore hemi-elliptical with the dorso-ventral axis measuring 352 86.3 ± 3.8 % of the length of the antero-posterior axis. This causes the distance 353 between the spherical lens and different regions of the retina to vary and has 354
implications for image focusing that are discussed later. The pupil of T. delaisi also 355 features an elliptical shape ( Fig. 1B) , with the antero-posterior axis measuring 356
1.47 ± 0.09 mm and the dorso-ventral axis measuring 1.24 ± 0.08 mm. This creates an 357 antero-ventral aphakic gap when the lens is in its relaxed position, i.e. its focus set to 358 infinity. The lens diameter measured 1.40 ± 0.08 mm (N = 4) in the eyes dissected for 359 the retinal wholemounts, closely matching overall average pupil size. A well-360
developed stratum argenteum lines the back of the eye as part of the choroid, between 361 the retinal pigment epithelium and the sclera. Apart from containing the defining 362 silvery, and highly reflective stacks of guanine crystals, the stratum argenteum is also 363 associated with yellow chromatophores that give it a golden sheen. The argenteum 364 was found to be continuous with a layer of iridophores in the iris that contained 365 similar stacks of crystals but lacked the yellow pigment granules. 366 367
T. delaisi's retina covers an almost hemispherical visual field. The horizontal viewing 368
angle approximately spans 160°, as estimated from horizontal eye sections. In 369 addition, T. delaisi is able to rotate its eyes by 60-70° in the horizontal plane. 370
Consequently, the triplefin can observe its entire surrounding by eye movement alone 371
and has areas of binocular overlap in frontal and caudal direction ( Fig. 2 ). Due to our 372 limited data on the subject, the extent of T. delaisi's visual field and eye movements 373
shown here may even be an underestimate and has to be validated in future studies. 374 375
Photoreceptors 376
We found four morphologically distinguishable photoreceptor types: rods, single 377 cones, paired cones, or more specifically twin cones due to their morphologically 378 equal members, and triangularly arranged triple cones with morphologically identical 379 members. They occurred in three distinct mosaic patterns ( Fig. 3 ). Rods outnumbered 380 cones in the periphery ( Fig. 3A ) but occurred only outside the foveal area. They were 381 not explicitly counted because their small diameter did not allow for reliable 382 identification within our sampling framework. Single and twin cone densities were 383 generally higher in the dorsal and temporal retina than in the ventral and nasal retina. 384
The continuous increase in density from the periphery to the dorso-temporal retina 385 culminated in a pronounced area centralis with a distinct fovea (Figs. 4 and 5; 386 detailed data in Table 1 ). Single cone density averaged 10,200 cells per mm 2 and 387 peaked at 30,800 cells per mm 2 (typical distribution shown in Fig. 4A ). Twin cones 388 averaged 23,300 cells per mm 2 and peaked at 104,400 cells per mm 2 (typical 389 distribution shown in Fig. 4B ). With a total retinal surface area of 16.09 ± 0.18 mm 2 390 (Table 1) , these densities resulted in average total population estimates of 391 165,700 single cones and 369,700 twin cones for the entire retina. Triple cones were 392 only found in a limited retinal region between the optic disc and the fovea ( Fig. 4C ) at 393
an average density of 16,700 ± 2,500 cells per mm 2 (Table 1) . At their peak density of 394 30,400 ± 5,700 cells per mm 2 , they outnumbered both single and twin cones in the 395 same area. Due to their restricted distribution, the total number of triple cones was 396 estimated at only 5,350 ± 1,100 (Table 1) . The sum of all cone types showed a 397 continuous distribution and consistent increase in overall density towards the fovea 398 ( Fig. 4D ). More stereological data and Scheaffer's coefficient of error (CE) for each 399 cone type are listed in Table 1. The relatively high CE for the triple cone estimates  400 can be attributed to their restricted distribution and correspondingly fewer counting 401 squares. 402 403
In terms of areal coverage, the retina of T. delaisi was found to be cone-dominated 404 throughout, with an estimated 75 -80 % of its area occupied by cones ( Fig. 3 ). Most 405 regions of the retina featured a cone mosaic pattern with a ratio of two twin cones to 406 one single cone. The twin cones were arranged in a regular grid-like pattern with the 407 single cones in the corner positions of the squares (as defined by Lyall (1957) ; see 408
also Fig. 3A ). We refer to this as the 2:1 square mosaic. This cone pattern was 409
interspersed with randomly arranged rods in the spaces between the cones. Near the 410 fovea, the cones became slenderer and were arranged more densely, while rods 411 gradually decreased in number. In the area immediately surrounding the fovea, rods 412
were missing entirely. The prevailing pattern changed such that the single cones were 413 now in the central position of the twin cone squares and none of the surrounding twin 414
cones was shared with other single cones ( Fig. 3B ). This resulted in a 4:1 ratio of twin 415
to single cones and is thus referred to as the 4:1 square mosaic. The fovea featured a 416 skewed version of the 4:1 mosaic, in which twin cones formed a diamond rather than 417 a square pattern (described below, Fig. 5D ). The triple cone area featured all cone 418 types in an irregular arrangement, and no detectable rods ( Fig. 3C ). 419 420
Fovea 421
The fovea in T. delaisi was apparent even macroscopically during the dissection of the 422 eyes and preparation of the retinal wholemounts and appears as a thickened area with 423 a central dip in the temporal region of the retina. The three-dimensional shape of the 424 fovea is distorted by flattening in retinal wholemounts. The histological sections (e.g. 425 Fig. 5A ) revealed the thickened retinal layers in the foveal area, and the central dip.
426
Possibly due to differential shrinkage, however, the retina separated from the choroid 427 and sclera, probably compromising the foveal shape in the process. We consider the 428 virtual segmentation images produced from magnetic resonance imaging (MRI) data 429
the most reliable impression of the foveal shape, as these were obtained from whole 430 eyes in situ, and they revealed the foveal area to form an almost hemispherical 431 convexity ( Fig. 5B ). The position of the fovea, as estimated from the retinal 432 wholemounts and in relation to the center of the retina, was approximately 30° ± 5° 433 (N = 4) dorsal and 50° ± 9° (N = 4) temporal. This foveal position, when projected 434 onto the visual field, means that T. delaisi's high-acuity vision, and thus visual focus, 435
is directed about 40° sideways and 30° downward in relation to its body axis when the 436 eye is in its resting position. High-amplitude eye movements, however, allow the 437 fovea to be pointed towards a large part of the frontal visual field and to image any 438 object therein with high resolution (Fig. 2) . Nevertheless, eye movement seems to 439
create only approximately 40° of binocular overlap, which may not include the foveal 440 visual field. The apparent dip in the thickened foveal area was confirmed to be the 441 vitread opening of a deep foveal pit with steep, convexiclivate walls ( Fig. 5A ). Some 442 section series suggested that the foveal pit was actually formed like a trough between 443 the fovea and the optic nerve head, possibly allowing the axons of foveal ganglion 444 cells to run to the optic nerve head along the shortest possible path. This could not be 445
ascertained in all sections. The highest individual receptor cell density that we found 446 in any fovea was 160,000 cones per mm 2 , comprised of 132,000 twin cones per mm 2 447 and 28,000 single cones per mm 2 . This density was achieved through a gradual, 448
marked reduction in cone cell width from the periphery towards the fovea and the 449 omission of rods in the foveal area (Figs. 3 and 5C-D). The above density 450 theoretically leaves an average area of 2.5 x 2.5 µm 2 for each cone to occupy in the 451 fovea, which was matched by the 2 -3 µm diameters of the cone inner segments 452
Retinal ganglion cells 455
Demounting, flipping, Nissl-staining, and remounting the retinas were successfully 456 performed without damaging the wholemounts, which allowed us to determine the 457 retinal ganglion cell (RGC) distribution in the same retinae for which we had already 458 obtained the receptor cell densities (Fig. 6A ). The stained RGC nuclei could be 459
distinguished from other cell nuclei in the same retinal layer by their characteristic, 460
slightly polygonal shape ( Fig. 6B ). 461 462
The RGC showed an overall mean density of 32,000 ± 2,000 cells per mm 2 (Table 1) . 463
Their distribution followed that of the photoreceptor cells in that it was generally 464
higher in the dorsal than the ventral part of the retina and steadily increased towards 465 the fovea (compare Figs. 4D and 6C). Maximal RGC densities occurred in a ring 466
surrounding the fovea and reached 81,000 ± 10,300 RGC per mm 2 (Fig. 6C ). The 467
center of the fovea featured high numbers of RGC as well, but their density decreased 468 slightly compared to the perifovea, which is the result of the thickened retinal layers 469
in this area and the shape of the foveal pit. Stereological parameters and coefficients 470 of error can be found in Table 1 . 471 472
Anatomical spatial resolving power 473
The lateral displacement of RGCs in the foveal area makes it impossible to infer the 474 actual connectivity directly from the apparent RGC density. The center of the primate 475 fovea features few, if any, RGCs, and yet each foveal photoreceptor is connected to 476
3 -4 displaced RGCs in the perifovea (Wassle et al., 1990 ). In T. delaisi, we found the 477 peak RGC densities located in the perifovea and decreasing towards the center of 478 fovea, which suggests a similar lateral displacement, albeit to a lesser extent. 479
Additionally, the fovea is generally accepted to be a retinal specialization for high-480
resolution vision, and therefore it is reasonable to assume the circuitry in the fovea is 481 adapted to allow maximal resolution. For these reasons, we assumed a connectivity 482 ratio of at least 1:1 between foveal photoreceptors and RGCs in T. delaisi, and used 483 its photoreceptor cell densities directly to calculate the anatomical spatial resolving 484 power (SRP). In the more conservative approach we used the highest individual 485
combined density of single and twin cones, counting the latter as one receptor, which 486 yielded a density of 160,000 per mm 2 . For the maximal anatomical SRP estimate, the 487 assumption that each twin cone member provides direct input ( for a fish of its size. However, total length might not be an accurate predictor in 517 species with long and slender bodies. An important factor limiting eye size is head 518
width. Since T. delaisi's eyes are almost touching medially, they have maximized eye 519 size within the constraints of their head size and shape, underlining the importance of 520 vision to them. 521 522
Fish eyes that require a wide accommodative range can adapt in different ways. In 523 most cases the eyes simply evolve to be longer along the axis of the accommodative 524 lens movement, whose largest component is usually along the pupillary plane 525 (Fernald, 1990) . Accordingly, the reason for the large relative distance between lens 526
and retina in sea horse eyes (Mosk, 2004 ) could be the animals' need to bring micro-527 prey directly before their snouts into focus, since they are visual planktivores (Lee and  528 O'Brien, 2011). The sandlance Limnichthyes fasciatus also requires precise and wide-529 range accommodation, as it strikes after tiny planktonic organisms that drift by at 530 different distances (Pettigrew et al., 2000) . In contrast to sea horses, it evolved an 531
optical system unique among teleosts, with an adjustable corneal lenticle and a 532 flattened lens, which, in combination, have an exceptionally high accommodative 533
power and range ; Pettigrew and 534
Collin, 1995). T. delaisi widens its accommodative range with an elliptical eyeball. 535
The longer naso-temporal axis improves their ability to focus close objects in the 536 anterior visual field. In order to maintain their own camouflage, triplefins minimize 537 body movement, and hence only snatch at prey in their immediate surroundings. The 538
ability to form a sharp image at very short distances is crucial for both detecting small 539 and well-camouflaged prey against a complex substrate, in order to reduce striking-540 distance without relinquishing precision. A consequence of the lens moving parallel to 541 the pupil is the coupling of accommodative states of different retinal areas. When the 542 temporal retina is focused on the foreground in the anterior field of view, the nasal 543 part must be focused on the background of the posterior field of view, and vice versa, 544
while the central part of the retina is restricted to a constant, intermediate 545
accommodative state (Fernald, 1990 ). This could be an advantage, as it enables 546
T. delaisi to simultaneously have a focused image of both prey directly in front, and 547 potential predators behind, while they are still at a distance. 548 549
The elliptical shape of the pupil results in an aphakic space, where light can enter the 550 eye without passing through and being focused by the lens. Several non-exclusive 551
functions have been suggested to explain this ocular specialization. Rostral aphakic 552
spaces, like the one in T. delaisi, are common in diurnal fishes (Schmitz and 553 Wainwright, 2011) and have been suggested to extend the anterior visual field and to 554 allow greater binocular overlap (Walls, 1942) . The potential binocular overlap in 555
T. delaisi, however, is small, and might even be irrelevant in this species, as discussed 556
later. Another function, especially for circumlental aphakic gaps, could be increasing 557
retinal illumination (Munk, 1980; Warrant and Locket, 2004) . Although T. delaisi 558
inhabits micro-environments with reduced or fluctuating light levels within the photic 559 zone (Wirtz, 1978) , these are still within the range of photopic vision, making an 560 increase of general retinal illumination unlikely to be advantageous during the day. 561
The most parsimonious functional assumption for the aphakic gap is therefore the 562 provision of the required room for the accommodative movement of the lens, which 563
protrudes through the pupil in fishes (Sivak, 1978; Nicol and Somiya, 1989) . 564
Accordingly, the location of the aphakic gap depends on the accommodative state of 565 the eye and its orientation correlates with the direction of lens movement, which 566
commonly coincides with the visual axis of highest acuity (Nicol and Somiya, 1989) . 567
This applies to T. delaisi as well, allowing it to bring objects from a wide range of 568 distances into focus where it can see them at its highest spatial resolution, which is an 569 essential adaptation for a micro-predator that needs to detect small, hidden prey in its 570
vicinity. 571 572
Eye mobility and visual field 573
Another indicator of the importance of vision for T. delaisi is the ability of moving its 574 eyes around all axes of rotation and largely independent of each other. The degree of 575 independent eye movement varies considerably in other fish species (Fritsches and 576 Marshall, 2002) . In this respect T. delaisi probably lies between syngnathids, with 577 somewhat independent eyes, and the sandlance, with completely independent eye 578 movements. The lateral position and high mobility of T. delaisi's eyes result in a 579
horizontal visual field of about 220° -230° for each (Add. Fig. 1 ). Triplefins 580 constantly use this eye mobility to monitor their entire surroundings, while keeping 581 the body still. This behavior complements the triplefins' cryptic body coloration and 582 maximizes their camouflage, allowing them to see, while remaining unseen. 583
Furthermore, elaborate and frequent eye movements can be indicative of a localized 584 zone of acute vision, like an area centralis or fovea, in the retina of any species 585 (Bartels, 1931; Kahmann, 1936) , an assumption that is met by T. delaisi. The dorso-586 temporal location of T. delaisi's fovea puts the zone of highest acuity in the naso-587 ventral visual field, directed towards the substrate in front of the fish. This can be seen 588
as an adaptation to the triplefin's targeting benthic invertebrates, and is generally 589 expected for predators of substratal, small prey (Nicol and Somiya, 1989 ). Based on 590 the estimated extent of eye movements, 60° -70° horizontally, foveate vision can 591 cover a total of about 120-140° in the anterior visual field (Add. Fig. 1 ). The maximal 592 binocular overlap, however, appears to be only about 40° -50°, which is not enough 593
to include foveate stereoscopic vision. T. delaisi's independent eye movement and its 594 habit to focus on prey with just one eye before striking sideways, suggest that 595 binocular foveate vision may be irrelevant to them and further imply a monocular 596 distance estimating mechanism. Similar findings were reported for pipefish, including 597 a possible functional link between their steep foveal pit and monocular depth 598 perception Most teleosts have duplex retinae that contain both rods and cones, responsible for 624 scotopic and photopic vision, respectively (Nicol and Somiya, 1989 ). The decrease of 625 rod density and cone size from the peripheral retina to the fovea in T. delaisi can be 626 seen as a compromise between adaptation for sensitivity in the periphery and for 627 acuity in the foveal area. The photoreceptors of most teleosts are arranged in regular 628 patterns, whose many types vary with phylogeny, ontogeny, and location across the 629
retina (Lyall, 1957; Engstrom, 1963; Wagner, 1972) . The framework of this so-called 630 mosaic is formed by the cones, while the rods, if present, are usually randomly 631 arranged and inserted between the cones. The dominant cone mosaic found 632 throughout most of T. delaisi's retina is a square mosaic with each single cone being 633 surrounded by four twin cones, which it shares with the neighboring single cones, 634 thus resulting in a 2:1 ratio between twin and single cones ( Fig. 3A; Fig. 8 ). The 635
mosaic is unusual in that all single cones throughout the retina are in the corner 636 position ("additional cones") and never in the central position, as defined by Lyall 637
(1957) based on the orientation of the paired cones. This pattern variant has only been 638 previously observed in Nannostomus eques and Blennius vulgaris (Wagner, 1972) . To 639 our knowledge, the lucky-clover-like pattern with each single cone surrounded by its 640 own four twin cones (Fig. 3B ) within the area centralis has not been described for 641 any other species. 642 643
The role of a regular cone mosaic is still uncertain and has never been tested 644 experimentally, but several functions have been suggested based on correlations 645
between pattern types and the ecology of multiple species (Wagner, 1990) . Possibly 646 the simplest explanation would be the maximization of receptor packing. 647
Geometrically analyzing different possible patterns and especially paired cone shapes 648
showed that in the most common mosaic patterns the cones achieve almost maximal 649 areal coverage, which would increase photon catch and sensitivity at a given density 650
(van der Meer, 1992). This seems to apply to the 4:1 square mosaic surrounding the 651 fovea, as there are no gaps left between the cone inner segments. The 2:1 square 652 mosaic in most of the retina has obvious, large gaps between the cones, but these are 653 filled with rods, such that the areal coverage is also maximized. In the center of the 654 fovea, however, maximal packing is not realized, as there seem to be actual gaps 655
between the cone inner segments. The gaps might be due to the changed twin cone 656 shape, i.e. the twin members are rounder and relatively further apart, combined with 657 maintaining the same regular 4:1 arrangement. This could potentially indicate that the 658 preservation of the mosaic is either a physiological constraint, or that mosaic 659 regularity is more important than achieving maximum density in T. delaisi. 660 661
Another suggested function of cone mosaics is the improvement of motion detection 662 through a dense and symmetrical arrangement of photoreceptors (Lyall, 1957 ; van der 663
Meer, 1992). Square mosaics occur more often in species moving, or observing 664 movement, in all three dimensions of their habitat, while row mosaics are more 665 common in schooling fishes with predominantly horizontal swimming movements 666 (Wagner, 1990) . The consistent regularity of T. delaisi's cone mosaic throughout 667 most of its retina could grant it a sensitive and accurate sense of motion perception in 668 all directions and across its entire visual field, which would benefit its predation of 669 small but sometimes fast moving crustaceans in a complex micro-environment. Acute 670 motion detection might also allow the small flicking movements of their first dorsal 671
fin to be an effective signal to conspecifics, while other species might miss the 672 miniscule motion. 673 674
Alternatively, a regular cone mosaic could improve chromatic resolution by uniformly 675
distributing cones with differing spectral sensitivities across the retina, to help in 676 adapting the visual system to the spectral composition of the photic environment 677 through the relative sizes and ratios of individual cone types (Fernald, 1981 ; van der 678
Meer, 1992). Accordingly, T. delaisi's consistent mosaic could grant it acute color 679 vision throughout its visual field. Additionally, the higher ratio of long-wavelength-680 sensitive twin cones in the foveal area ( Fig. 8 ) increases sensitivity to the respective 681 parts of the spectrum and suggests that light of longer wavelengths carries important 682 information for T. delaisi, maybe helping to distinguish camouflaged prey, predators, 683 or conspecifics from the background. 684 685
Triple cones 686
The existence of different types of triple cones in the retinae of some teleost species is 687 well-documented, but how they are distributed in the retina is often left out or 688 mentioned only in passing (Hess, 2009 ). There is not a single triple cone map among 689 the hundreds of entries in Clinical and Experimental Optometry's retinal topography 690 maps database (Collin, 2008) . Hence, this study is among the first to systematically 691 analyze and map the triple cone distribution across an entire retina. T. delaisi's triple 692 cones were exclusively found in an area adjacent to the optic nerve head in the dorso-693 temporal retina (Fig. 8) , which seems to be a common location for triple cones (Hess, 694 2009 ). Due to the localized occurrence, the total population was estimated to be only 695 5000 triple cones, or roughly one percent of all cones, which is similar to the 696 proportion found in most other species (Hess, 2009 ). The exact function of triple 697
cones is yet unclear. In some species they only occur after regeneration of previously 698 mechanically damaged retina and are regarded as malformations (Cameron and 699 Easter, 1995; Cameron and Powers, 2000). In other species, however, a role in vision 700 seems evident, especially where triple cones dominate parts of or the entire retina 701 (Hess, 2009) . Intriguingly, Cameron's (1995) description of the triple cones' location, 702 morphology, and arrangement after regeneration in the retina of the green sunfish 703 matches the situation found in T. delaisi almost exactly. While this seems to suggest 704
that the presence of triple cones in T. delaisi might also be the result of regenerative 705 processes, it seems unlikely given the consistency of their occurrence and the naive 706 condition of all study individuals. A visual function is more likely, because the triple 707
cones are the dominant cone type where they occur, and the RGC density in the triple 708 cone area is both relatively high and continuous with that of the surrounding retina. In 709 some fishes, like the cutlips minnow and several anchovy species (Collin et al., 1996; 710 Kondrashev et al., 2012), the triple cones consist of unequal members. In anchovies, it 711
could further be shown that the lateral and central components exhibit different 712 spectral sensitivities, which may suggest triplecones serve colour discrimination in the 713 respective species (Kondrashev et al., 2012 is also found in syngnathids and the sandlance, who also share some aspects of their 723 ecology with triplefins . The curvature of the foveal 724 pit combined with the higher refractive index of the retinal tissue compared to the 725 vitreous create optical effects that may enhance multiple visual functions in the foveal 726 area. One commonly suggested effect is the magnification of an image in the center of 727 the fovea (Walls, 1937; Snyder and Miller, 1978) . This effect is generated at the base 728 of the foveal pit and requires it to have a smooth and symmetrical curvature.
729
T. delaisi's foveal pit, however, can vary from a concentric dimple to a slit-like 730 trough, which makes a consistent and precise optical magnification effect unlikely. 731
Other studies suggest that image distortion by the foveal slope could inform about the 732 focal state of the eye, help distinguish small targets from the background, and 733
improve motion detection (Pumphrey, 1948; Harkness and Bennet-Clark, 1978 ; 734 Steenstrup and Munk, 1980) . These potential functions, which are not mutually 735 exclusive, would be more plausible and clearly advantageous in T. delaisi's ecological 736
context. Unfortunately, none of the alleged functions has ever been tested 737 experimentally, since the crucial factor of foveal slope might be impossible to 738 manipulate. Accordingly, we too, can only speculate about its function in T. delaisi. 739 740
Another optical function could fall to the hemispherical thickening of the 741 circumfoveal retina, especially if the foveal pit is very narrow or even closed. 742
Inversely analogous to the telephoto lens effect in the steep fovea of raptors (Snyder 743 and Miller, 1978) , refraction at the convex interface between vitreous and retina could 744
shorten the overall focal length of the eye and shift the triplefin's focal range further 745 towards short distances. As a consequence, the area centralis might be unable to focus 746 far away objects. Even if the high-acuity zone were inherently myopic, this may not 747 be a disadvantage to T. delaisi, since distances greater than a few body lengths are 748
probably irrelevant for small benthic fishes. 749
750
Spatial resolving power 751
The major factors determining the spatial resolving power (SRP) of an eye are the 752 number of neural elements in the retina and the quality of the optical system of the 753 eye (Land and Nilsson, 2012) . In terms of retinal elements, previous studies have 754 often used either photoreceptor or RGC densities to estimate SRP, as reviewed by 755
Caves et al. (2017) . While the RGC are unquestionably the units of neural signaling 756 between retina and the visual centers of the brain, using their density directly to 757 estimate spatial resolution can be misleading, especially in species with a pronounced 758
fovea. By definition, foveae are associated with a partial to complete displacement of 759
RGCs, which causes a decreased RGC density in the foveal center, while the highest 760 density is found circumfoveally. Since foveae are retinal specializations for high 761 acuity, it is reasonable to assume that each receptor contributes an individual signal, 762
i.e. the foveal summation rate is 1:1, at least in retinae adapted to photopic conditions. 763
The displacement of RGC, however, can make the summation rate seem lower than it 764
actually is and cause acuity to be underestimated. Our methodology did not allow us 765
to estimate the actual summation rate in T. delaisi, but it is interesting to note that the 766 RGC density stays relatively high throughout the retina, and that its average (32,000 767 cells mm -2 ) almost matches the average density of all cones (33,500 cells mm -2 ). 768
Assuming that rods have high summation rates, as they serve scotopic vision, they 769 would utilize only a fraction of the available RGCs. This would allow a relatively low 770 summation rate for cones throughout the retina, and indicate that acuity is prioritized 771 over sensitivity even in the peripheral retina. 772 773
Our photoreceptor-spacing-based estimates of T. delaisi's anatomical SRP resulted in 774 an acuity range of 6.7 -9.0 cpd (9.0 -6.7 arc minutes). This is supported by similar 775
values reported for another triplefin species (Pankhurst et al., 1993) investment", a factor relating to the expected eye size for a given body size. 780
Interestingly, the acuity of the smallest investigated species, as well as T. delaisi's, is 781
higher than would be expected for their sizes (Caves et al., 2017). This stresses once 782 more the importance of acute vision in small fishes, as it can help to spot minute prey, 783 cryptic conspecifics, intruders, or threats at greater distances, and reduces the required 784 patrolling in their territory. A SRP of 6.7 -9.0 cpd means T. delaisi could resolve a 785 1 mm target, like a copepod or small gammarid, at 38 -52 cm (Fig. 7) , which implies 786 that it could monitor a large part of its ~1 -3 m 2 territory (Goncalves and Almada, 787 1998) from a stationary position, which is a typical component of their behavior. 788 789
Although T. delaisi's retinal organization suggests a high investment in visual acuity, 790
the receptor cell coverage in the center of the fovea, and thus the potential spatial 791 resolution, is not maximized (Fig. 5D ). The gaps in the mosaic pattern are due to the 792 altered shape of the twin cones. The inner segment diameters of individual twin cone 793 members and single cones in the fovea are reduced to ~2 µm, and their outer segments 794 are approaching the physical size threshold beyond which they start losing part of the 795 light energy and even interfere with their neighbors (Land and Nilsson, 2012) . To 796 maintain a maximal diameter, while the overall size is reduced, the twin cone 797 members become rounded. As a consequence, the twin cones as a whole are more 798 elongated, which skews the lucky-clover mosaic pattern, and decreases receptor 799 coverage. That this pattern is nevertheless maintained in the fovea either suggests a 800 developmental constraint, or that the benefit of a regular arrangement outweighs that 801 of a maximized coverage. Maybe the fovea realizes a compromise between motion 802 sensitivity, or maybe acute color vision, and absolute spatial resolving power. 803 804
Conclusions 805
T. delaisi's eye morphology, retinal organization and receptor composition show a 806
host of adaptations that demonstrate the crucial role acute, color-and motion-sensitive 807 vision plays in the life of a crypto-benthic micro-predator. The consistent and 808 dominant presence of cones and the probably low summation ratio, as suggested by 809 the high numbers of RGC even in the periphery, reveal a visual system adapted to a 810 diurnal, photopic lifestyle in which acuity and color vision are prioritized over 811 sensitivity. The elliptical eye shape and the antero-ventrally directed aphakic gap 812 allow a greater range of lens movement and thus accommodation, which might be 813
further boosted by the potential macro-lens effect of the hemispherical retinal 814 thickening in the foveal region. The prominent area centralis with a convexiclivate 815 fovea, and their dorso-temporal location in combination with the wide range of eye 816 movements, allow high-resolution imaging of the substrate across a range of 120-130° 817
in an antero-ventral direction. These complementary specializations are particularly 818 advantageous for small benthic foragers, as they allow them to bring the substrate in 819 their immediate vicinity into focus and scan it for potential prey at high resolution. 820 821
The consistent presence of all cone types, and their regular arrangement, possibly 822 enhances color vision across the entire visual field. The change in the ratio of single to 823 twin cones in the foveal region suggests a sensitivity boost for longer wavelengths, 824
i.e. in the green, yellow, and red parts of the spectrum. All this might improve 825
T. delaisi's ability to distinguish and identify predators, prey, and conspecifics in its 826 visually complex environment. An alternative, or additional, benefit of the regular 827 arrangement of cones could be enhanced motion detection. The consistency of the 828 mosaic throughout most of the retina might allow T. delaisi to notice minute 829 movements in its entire visual field and draw its attention to the source, which it could 830 then inspect with its fovea. The persistent maintenance of a regular mosaic even in the 831 fovea, despite gaps in the receptor coverage, may indicate that the benefits to motion 832 detection (or other functions) outweigh the gains of a maximized acuity. Finally, the 833 extensive eye movement capabilities, the relatively high acuity even in the periphery, 834 and the consistent motion and color sensitivity allow T. delaisi to monitor its entire 835 surroundings, to assess threats or targets of interest "out of the corner of their eyes", 836
and to avoid moving their body and compromising their crypsis. Conflicts of interest 862
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